Reactive oxygen species generate potentially cytotoxic and mutagenic lesions in DNA, both between and within the nucleosomes that package DNA in chromatin. The vast majority of these lesions are subject to base excision repair (BER). Enzymes that catalyze the first three steps in BER can act at many sites in nucleosomes without the aid of chromatin-remodeling agents and without irreversibly disrupting the host nucleosome. Here we show that the same is true for a protein complex comprising DNA ligase III␣ and the scaffolding protein X-ray repair crosscomplementing protein 1 (XRCC1), which completes the fourth and final step in (short-patch) BER. Using in vitro assembled nucleosomes containing discretely positioned DNA nicks, our evidence indicates that the ligase III␣-XRCC1 complex binds to DNA nicks in nucleosomes only when they are exposed by periodic, spontaneous partial unwrapping of DNA from the histone octamer; that the scaffolding protein XRCC1 enhances the ligation; that the ligation occurs within a complex that ligase III␣-XRCC1 forms with the host nucleosome; and that the ligase III␣-XRCC1-nucleosome complex decays when ligation is complete, allowing the host nucleosome to return to its native configuration. Taken together, our results illustrate ways in which dynamic properties intrinsic to nucleosomes may contribute to the discovery and efficient repair of base damage in chromatin.
. Left unrepaired or misrepaired, oxidative lesions can lead to polymerase stalling, DNA strand breaks, base mutations, and cell death. Germline mutations in one BER enzyme were recently found to promote adenomatous polyposis and colorectal cancer (10) , illustrating the critical importance of this repair pathway. The BER of oxidized bases begins with their discovery and excision by bifunctional DNA glycosylases. The DNA backbone at the resulting abasic site is then cleaved by either a lyase activity associated with the DNA glycosylase or apurinic endonuclease (APE1). This leaves a polymerase-blocking moiety on the 3Ј side that is removed by either APE1 or polynucleotide kinase phosphatase. This leaves a single-strand deoxynucleotide gap flanked by a 3Ј hydroxyl group and, in some cases, a 5Ј-2-deoxyribose phosphate moiety. In short-patch BER, DNA polymerase ␤ (pol ␤) fills the DNA gap and removes the blocking 5Ј-2-deoxyribose phosphate group, leaving a nick that is sealed by DNA ligase III␣ (LigIII␣) in association with the scaffolding protein X-ray repair cross-complementing protein 1 (XRCC1). If pol ␤ fails to remove the 5Ј moiety, then long-patch BER ensues. This entails recruitment of a replicative polymerase that displaces DNA linked to the 5Ј moiety. The resulting DNA flap is removed by flap endonuclease 1, leaving a DNA nick that is sealed by DNA ligase I.
In eukaryotes, BER occurs in chromatin, where most of the DNA is wrapped around histone octamers to form nucleosomes (11) . The close association between DNA and histone octamers and the changes in major and minor groove geometry associated with DNA bending about the octamer impede the binding of many regulatory factors and enzymes. These impediments are sometimes relieved by chromatin remodeling agents (reviewed in Ref. 12 ). The nucleosome remodeling complexes Switch/Sucrose Non-Fermentable (SWI/SNF) and imitationswitch 1 & 2 (ISW1 and ISW2) enhance the activity of certain BER enzymes on nucleosome substrates in vitro (13, 14) , and, in budding yeast, depletion of an essential subunit in the chromatin remodeling complex RSC (remodeling the structure of chromatin) produces numerous DNA and chromatin-related defects, among them defects in BER (15) . However, it is not yet clear that chromatin-remodeling agents act at sites of oxidative damage in cells. To identify chromatin-associated, rate-limiting steps in BER and possible "pioneer factors" that may recruit chromatin-remodeling agents, we have investigated interactions between BER factors and nucleosomes (16 -20) . The DNA glycosylases, APE1, and pol ␤, which catalyze the first three steps in BER, proved able to process their substrates without irreversibly disrupting the host nucleosome (17) . DNA ligase III␣ differs from the enzymes that catalyze early steps BER in that it fully encircles its DNA substrate (as is also the case for DNA ligase I, which completes long-patch BER and DNA replication (21, 22) ). This suggested that binding to, and sealing of, DNA nicks by either ligase I or III␣ would require a more extensive disruption of the host nucleosome. Even so, both enzymes proved able to detect and process DNA nicks in nucleosomes (17, 23) , and LigIII␣-XRCC1, which can bind single base gaps as well as DNA nicks, enhanced the activity of pol ␤ on nucleosome substrates. This enhancement of pol ␤ was evident even in the presence of mutations that weaken its binding to XRCC1, which suggested that LigIII␣-XRCC1 renders substrates more readily accessible by altering nucleosome structure (17) . However, the exact nature of these alterations, and indeed whether host nucleosomes survive ligation by either ligase, remained to be determined. Here we report that the structural perturbations in nick-containing nucleosomes, which enable ligase III␣ to function, are reversible. More specifically, DNA ligation takes place within a complex that LigIII␣-XRCC1 forms with nick-containing nucleosomes; when ligation is complete, LigIII␣-XRCC1 dissociates, allowing the nucleosome to return to its native configuration. We relate these findings to discrete steps in the folding of DNA ligase III␣ into its active configuration and ways in which LigIII␣-XRCC1 may function in cells.
Results

Evidence That Spontaneous Partial Unwrapping of DNA from the Histone Octamer Enables LigIII␣-XRCC1 to Discover
Nicks in Nucleosomes-We showed previously that the bifunctional DNA glycosylases human endonuclease III-like protein 1 (NTHL1) and human endonuclease VIII-like protein (NEIL1) are able to bind and remove oxidized thymine residues from nucleosomes in vitro and. thereby, initiate BER (16, 18) . These reactions occur within ternary complexes that can be visualized in gel mobility shift assays and proceed without irreversibly disrupting the host nucleosome or shifting its translational position. We subsequently demonstrated the handoff of NTHL1 products in nucleosomes to APE1 and, from there, to pol ␤ and LigIII␣-XRCC1 (17) . The efficiency with which the first three of these BER enzymes (i.e. DNA glycosylases, APE1, and pol ␤) act in nucleosomes varies considerably with the helical orientation of substrates with respect to the underlying histone octamer (reviewed in Ref. 24) . In large part, this variability reflects two different modes of substrate binding (16, 19) . The first is direct binding of BER enzymes to substrates that are located at accessible sites in the nucleosome. As DNA glycosylases, APE1, and pol ␤ all bend DNA, their binding to substrates at sterically accessible sites may require local changes in DNA configuration. The ease with which this occurs may be influenced by local variation in, e.g., DNA twist and bending angles; this may account for variation in the rate of excision even among similarly oriented lesions (25) . The second, much less efficient binding mode occurs when substrates are transiently exposed to solvent by spontaneous, partial unwrapping of DNA from the histone octamer. The extent of this unwrapping is variable, and the duration of the unwrapped state is on the order of milliseconds (26 -30) . As a result, the rate of processing of additional nicks in the nucleosome population is governed by local enzyme concentration and the frequency with which unwrapping events expose additional substrate (19) .
Because the first three enzymes that act in BER demonstrated a strong preference for the outward-facing lesions, we do not believe that local variation in nucleosome architecture is playing a strong role at these particular nucleosome locations. That is, the lesion orientation (inward versus outward) mattered more than any DNA twist or specific histone contacts that may be present. However, in the final step, the orientation of DNA nicks in nucleosomes did not affect the efficiency of ligation by LigIII␣-XRCC1 (17) . Given that DNA ligases must fully encircle their substrates, the more likely explanation is that LigIII␣-XRCC1 can bind DNA nicks only when they are transiently exposed to solvent by partial unwrapping of nucleosomal DNA. If true, the efficiency of ligation of a DNA nick located 46 nucleotides from the dyad axis of the nucleosome would exceed that for a nick located only 26 nucleotides from the dyad. To test this prediction, we prepared 32 P end-labeled DNA fragments that contained the sea urchin 5S ribosomal DNA (rDNA) nucleosome-positioning element and a single, discretely positioned DNA nick, as depicted in Fig. 1A . We positioned these nicks so that they would face into the histone octamer, making them difficult or impossible to detect except when exposed by DNA unwrapping. We assembled these fragments into nucleosomes and used non-denaturing gels to visualize and quantify the efficiency of nucleosome assembly (Fig. 1B) . Fig. 1 , C and D, demonstrates that a 15-fold molar excess of LigIII␣-XRCC1 sealed nicks in most of the naked (i.e. non-nucleosomal) DNA fragments in a minute or less; the same amount of enzyme sealed a smaller but still significant fraction of DNA nicks at the Ϫ46 site in nucleosomes. As Fig. 1D indicates, the fraction of ligated nucleosomal DNA reached 30 -40% of that in the naked DNA reactions. In contrast, the ligation efficiency for a similarly oriented nick 20 base pairs closer to the dyad axis was another ϳ3-fold lower (Fig. 1E ). This result supports the unwrapping hypothesis.
The kinetics of the ligation reactions shown in Fig. 1 also are consistent with the unwrapping hypothesis. Specifically, the naked DNA reaction exhibited monophasic kinetics. (The small fraction of non-ligated, naked DNA that remained at the end of the reaction can be attributed to a combination of factors, including substrate depletion and possible accumulation of abortive ligation intermediates.) Ligation products from the reactions with nick-containing, 5S rDNA-based nucleosomes accumulated with biphasic kinetics. The early, rapid accumulation of product can be attributed to that fraction of nicks exposed to solvent at the time of enzyme addition or sometime prior to the first (1-min) time point (by spontaneous partial unwrapping of DNA from the histone octamer). The second, much slower kinetic phase is limited by the rate of unwrappingdependent exposure of additional substrate.
Binding of LigIII␣-XRCC1 Does Not Irreversibly Disrupt DNA Nick-or Gap-containing Nucleosomes-As noted earlier, we expected that LigIII␣-XRCC1 binding to gaps or nicks would require substantial disruption of host nucleosomes, and previous gel mobility shift assays suggested that this disruption might be irreversible (17) . The mobility shift assays in Fig. 2A , lanes 3-6, are consistent with this inference. These lanes show loss of the canonical nucleosome band with addition of increasing amounts of LigIII␣-XRCC1 to Ϫ46 nick-containing nucleosomes and the concurrent accumulation of a slower-migrating complex. The reaction mixtures in these experiments were quenched after 30 s by addition of an EDTA-containing, native gel loading buffer and fractionated through native gels. However, when identical reaction mixtures were quenched with buffer containing excess unlabeled DNA and electrophoresed as before ( Fig. 2A, lanes 7-10) , the additional DNA competed for binding of LigIII␣-XRCC1. This resulted in nucleosome bands reappearing; their mobility was identical to that of the input nucleosomes. Analysis of DNA from a third identical set of reaction mixtures confirmed that ligation had occurred in these experiments (Fig. 2B) . Thus, LigIII␣-XRCC1 appears able to seal DNA nicks without irreversibly disrupting host nucleosomes. As noted earlier, LigIII␣-XRCC1 can also bind to DNA gap-containing nucleosomes and enhance the activity of pol ␤. Fig. 2C shows that addition of LigIII␣-XRCC1 to gap-containing nucleosomes results in formation of a slowly migrating complex indistinguishable from the DNA nick-containing complex and that addition of excess naked DNA restores gapcontaining nucleosomes to their original mobility. Thus, the LigIII␣-XRCC1-dependent structural changes that promote the activity of pol ␤ in nucleosomes also are reversible.
The experiments in Fig. 2 suggest that ligation occurs within a slow mobility complex that forms between LigIII␣-XRCC1 and nick-containing nucleosomes and that this complex formation can be reversed by addition of cold competitor DNA. If the slow mobility complex is a true BER intermediate, it ought to contain both substrate and product DNAs. To test this prediction, we incubated Ϫ46 nick nucleosomes with 15 nM LigIII␣-XRCC1 for 3 and 30 min and then separated intact nucleosomes from LigIII␣-XRCC1-containing ternary complexes as before, producing the first-dimension gel shown in Fig. 3A . Inspection of the low mobility band in Fig. 3A shows that its intensity diminishes with reaction time, whereas the intensity of the band corresponding to the intact nucleosome increased (as quantified in Fig. 3B ). This suggests that the LigIII␣- (16, 19, 58) but did not affect the interpretation of the results. Ligatable, single-strand DNA nicks were positioned either Ϫ46 or Ϫ26 nt away from the nucleosome center (the dyad axis). Also shown are restriction endonuclease cleavage sites used in Fig. 6 to monitor nucleosome integrity during ligation. B, representative nucleosome (Nuc) preparation examined by native PAGE. Nucleosomes were assembled with 2.5 nM labeled, nicked DNA in the presence of 200 nM of nonspecific cold carrier (to ensure nucleosome stability) and then further diluted for subsequent experiments. The presence of this nonspecific DNA had no effect on ligation efficiency (refer to Fig. 4 for competition assays). C, representative 8% denaturing gel used to monitor ligation of nicks in nucleosomes and naked DNA controls as detailed under "Experimental Procedures." Ligation products migrate as 183-nt bands. The minor band denoted by an asterisk corresponds to unligated DNA located 3Ј to the nick and did not interfere with the quantification of ligation products. D, LigIII␣-XRCC1 ligated a significant fraction of the DNA nicks at position Ϫ46 even though these nicks faced into the histone octamer, making them accessible only during episodes of spontaneous partial unwrapping of DNA from the histone octamer (see text for further discussion). E, ligation efficiency dropped a further ϳ3-fold for nicks positioned 20 nt further in from the nucleosome edge (position Ϫ26). This supports the hypothesis that nucleosome unwrapping is rate-limiting LigIII␣-XRCC1. Error bars represent standard deviations.
XRCC1-containing ternary complex resolves following ligation. We next excised lanes from a gel identical to that shown in Fig. 3A and fractionated DNA from both the nucleosome and ternary complex by electrophoresis on a second-dimension sequencing gel (see "Experimental Procedures"). Fig. 3C shows that the ligated DNA products (boxed) were present in both the ternary complex and the intact nucleosome, as predicted. The aforementioned decrease in the ternary complex with reaction time is also evident in the two-dimensional gel (as quantified in Fig. 3D ). This result is further evidence that the structural perturbations that enable LigIII␣-XRCC1 to discover and seal nicks in nucleosomes are reversible and that, after nick closure, LigIII␣-XRCC1 dissociates, enabling nucleosomes to reform.
The Efficiency with Which LigIII␣-XRCC1 Discovers Nicks in Both Naked DNA and Nucleosomes Is Enhanced by Its Capacity to Bind DNA Ends-The capacity of any DNA structure or sequence-specific binding protein to locate its target in DNA depends in part on its relative specific versus nonspecific DNA binding affinities (31) . Previous gel mobility shift assays indicated that, at relatively high concentrations, LigIII␣-XRCC1 bound to nucleosomes containing undamaged DNA almost as well as it did to nucleosomes containing a DNA nick or gap (Ref. 17 and Fig. 5 ). It is highly unlikely that this apparent nonspecific binding is due to interactions between LigIII␣-XRCC1 and one or more histones. This is because all experiments in this study included ϳ80 nM unlabeled nucleosomes preassembled with mono-and oligonucleosome-sized DNA ("cold carrier"); this ensured that our end-labeled test nucleosomes would remain stable (32) . Clearly, these excess nucleosomes did not abolish ligation in the reactions in Figs. 1-3.
Ligase III binds DNA ends (33) and catalyzes intermolecular end joining (34 -36) . We did not expect this to appreciably affect this study because all DNA substrates were blunt-ended and used at concentrations well below those needed for efficient blunt end ligation. Moreover, we never detected intermolecular ligation products in our experiments. Nevertheless, the control experiments summarized below indicated that the apparent nonspecific binding of LigIII␣-XRCC1 to intact nucleosomes could be explained by its binding to free DNA ends. Fig. 4A shows that the addition of a single 32 P residue to one 5Ј end of a DNA fragment enhanced the nick-sealing activity of LigIII␣-XRCC1. 5Ј-phosphate residues similarly enhanced the nick-sealing activity of T4 DNA ligase, indicating that this stimulatory mechanism is not unique to LigIII␣-XRCC1. Comparisons between nucleosomes that differ only in the presence (Fig. 1D) or absence of 5Ј-phosphate residues (Fig.  4B) indicate that 5Ј-phosphate residues also stimulated the sealing of nicks in our model nucleosomes. The 5Ј-phosphate residues increased the extent of ligation by ϳ50% (from ϳ20% to 30% within the time frame of the reaction). Collectively, these results indicate that DNA end binding requires a 5Ј-phosphate and also explain why DNA ends associated with excess cold carrier had little effect on ligation efficiency. Specifically, we prepared carrier DNA fragments by incubating purified chromatin with micrococcal nuclease, which generates DNA ends with 3Ј-phosphate and 5Ј-hydroxyl groups. Fig. 4C shows that even a 400-fold molar excess of DNA lacking 5Ј-phosphates had little effect on ligation efficiency.
We also investigated the binding of LigIII␣-XRCC1 to nucleosomes under various conditions. Fig. 5A shows that, at the concentrations tested, LigIII␣-XRCC1 bound to nucleosomes containing undamaged DNA nearly as well as they did to gap-or nick-containing nucleosomes (Fig. 5B) ; only the 5 nM enzyme point yielded any significant difference between undamaged and damaged nucleosomes (Fig. 5C ). It is likely that DNA end binding by LigIII␣-XRCC1 enhanced ligation of nicks in both naked DNA and nucleosomal templates by increasing the local concentration of DNA ligase; however, it is unlikely In all samples containing LigIII␣-XRCC1, substrate concentrations were 1 nM, and incubation times were 30 s. Ligation reactions were halted by addition of an EDTA-containing gel loading buffer (lanes 3-6) and then run on mobility shift gels. The samples in lanes 7-10 were treated identically to those in lanes 3-6, except for the addition of 1 g of nonspecific carrier DNA to the gel loading buffer; this DNA competed for LigIII␣-XRCC1 binding and enabled nucleosomes to reform, indicating that all nucleosome components are present in the low-mobility complexes evident in lanes 5-6. B, DNA from LigIII␣-XRCC1 reactions was fractionated through denaturing gels to quantify ligation products generated in the 30-s reactions. Error bars represent standard deviations. C, mobility shift gels of 1 nM Ϫ46 gap-containing nucleosomes incubated with varying amounts of LigIII␣-XRCC1 as in A.
that end binding had any direct impact on changes in nucleosomes that render them ligation-permissive, as we have no evidence that end binding contributes to either nucleosome disruption or faster unwrapping rates.
LigIII␣-XRCC1 Disrupts Only Histone-DNA Contacts Close to the Site of the Nick-Collectively, the gel mobility shift assays in Figs. 2, 3, and 5 indicate that the slowly migrating complexes that LigIII␣-XRCC1 forms with nucleosomes may, in one instance, reflect either DNA end binding and, in another instance, the complex that the enzyme forms when it binds a DNA nick and folds into its active configuration. Although these complexes must differ from one another, they could not be distinguished from one another in gel mobility shift assays. Therefore, to further investigate interactions between LigIII␣-XRCC1 and nick-containing nucleosomes, we conducted restriction site accessibility assays. Fig. 1A depicts an AgeI restriction site in the DNA we used for most of the experiments in this study; it is well separated from the DNA nicks used to assay LigIII␣-XRCC1 function. Thus, in naked DNA, AgeI had no impact on the efficiency of nick ligation, nor did we observe ligation of AgeI-generated, sticky DNA ends (data not shown). In nucleosomes, however, the Ϫ46 nick and AgeI are relatively close to one another (Fig. 6A) . If nick binding by LigIII␣-XRCC1 is accompanied by extensive disruption of the host nucleosome, we might observe increased access to the AgeI site, which ordinarily is almost completely resistant to cleavage (16) .
Instead, as shown in Fig. 6B , the extent of AgeI cleavage actually declined with the addition of increasing amounts of LigIII␣-XRCC1 (sufficient to ligate ϳ25% of the molecules), possibly because LigIII␣-XRCC1 blocked access to the AgeI restriction site. The addition of AgeI did not affect ligation efficiency in nucleosomes (Fig. 6C) .
The AgeI experiments suggested that LigIII␣-XRCC1 binding does not disrupt a large enough number of histone-DNA contacts to destabilize the entire host nucleosome. To test for possible changes closer to the DNA nicks, we asked whether LigIII␣-XRCC1 affected access to a PsiI site located 11-16 nt from the nick at position Ϫ46 (see schematics in Figs. 1A and 6A) and largely occluded in the intact nucleosome (16) . Again, control experiments indicated that LigIII␣-XRCC1 did not block access to the PsiI site in naked DNA (data not shown). Thus, if LigIII␣-XRCC1 binding freed the PsiI site from its association with the histone octamer, then we should have seen increased PsiI cleavage. Instead, as in the AgeI experiment, LigIII␣-XRCC1 had little or no effect on PsiI cleavage in the nucleosome (Fig. 6D) . This result suggests that histone-DNA contacts disrupted by the binding of ligase III␣ are highly localized and do not extend much beyond the DNA residues that interact directly with the enzyme.
Highly Stable 601 Nucleosomes Are Only Marginally Permissive for DNA Ligation by LigIII␣-XRCC1-Nucleosomes assembled with synthetic 601 DNA are more stable than even 5S Fig. 2) . B, quantification of bands in gels such as those in A shows a decline in the nucleosome-LigIII␣-XRCC1 ternary complex and a corresponding increase in intact nucleosome with time. This suggests that the ternary complex decays when ligation is complete. C, lanes were excised from a mobility shift gel identical to A, and DNA in each of the complexes was fractionated through a second-dimension sequencing gel (see "Experimental Procedures"). D, DNA; N ϭ nucleosome; S, super-shifted complex. Boxes indicate nicked and ligated DNAs that are present within both the nucleosome band and the ternary complex. This result indicates that productive ligation occurs within a low-mobility ternary complex. D, the fraction of total ligation product in the low-mobility ternary complex declines with time, supporting the inference that, when ligation is complete, the ternary complex decays, allowing the host nucleosome to return to its native configuration. Error bars represent standard deviations (n ϭ 3); * ϭ p Ͻ 0.05.
rDNA-containing nucleosomes (37, 38) . Also, 601 nucleosomes occupy a single translational position, whereas most 5S rDNA nucleosomes are distributed among three translational positions, separated from one another by 10-bp intervals (16, 19) . Their exceptional stability makes 601 nucleosomes relatively tractable for in vitro studies, although they may not as faithfully reflect chromatin dynamics in cells (39) . Despite this caveat, we used nick-containing 601 nucleosomes to determine whether nucleosome stability or positional uniformity influences the efficiency of nick discovery or ligation. Fig. 7A shows that the FIGURE 4. The efficiency with which LigIII␣-XRCC1 discovers nicks in both naked DNA and nucleosomes is enhanced by its capacity to bind DNA ends. A, to examine the impact of DNA end binding by LigIII␣-XRCC1, we prepared a 79-bp DNA fragment containing a single nick and OH groups at both the 5Ј and 3Ј ends. (The DNA was a truncated version of that used to assemble 5S rDNA-based nucleosomes for many of the experiments reported in this paper.) We labeled this DNA by the addition of 32 P to an internal site, producing DNA that is not competent for end binding or blunt end ligation. We also labeled a second aliquot of DNA, identical except for one end containing a 5Ј-phosphate group. We incubated these differently ended DNAs (0.5 nM) with 5 nM LigIII␣-XRCC1 for 30 min at 37°C, separated substrate and products on denaturing gels such as those shown in Fig. 1C , and quantified the fraction of substrate ligated using phosphorimaging. The presence of a phosphate group at the 5Ј end significantly enhanced ligation. This enhancement was also evident in control reactions using T4 DNA ligase. B, the effect of 5Ј-phosphate-dependent, DNA end binding on ligation of nicks in nucleosomes. The conditions in these reactions were identical to those in Fig. 1D , except for use of an internally labeled substrate that lacked 5Ј-phosphate residues and thus would not support DNA end binding. As with the naked DNA substrates, ligation efficiency was significantly reduced (from ϳ30% to ϳ20%) in the absence of 5Ј-phosphates. C, to ligation reactions containing the same substrates used in A, we added 0 -200 nM naked, unlabeled carrier DNA lacking 5Ј-phosphate residues. The results indicate that this carrier DNA did not suppress ligation, even at concentrations well above the 80-fold excess carrier used in all other assays. Importantly, we did not detect any dimeric, blunt end ligation products in any of our experiments. Error bars represent standard deviations; ** ϭ p Ͻ 0.01. 5) and presence of increasing concentrations of LigIII␣-XRCC1 (lanes 2-4 and 6 -8). As in Fig. 2 , A and C, the samples in lanes 5-8 were identical to those in lanes 1-4, expect for the addition of unlabeled competitor DNA just prior to loading samples on to gels. The low-mobility complex evident in lanes 3-4 is indistinguishable from the complexes formed by addition of LigIII␣-XRCC1 to nick-and gap-containing nucleosomes. B, the fraction of nucleosomes shifted into low-mobility complexes in all gel shift experiments conducted (see A and Fig. 2 , A and C, respectively, for representative gels) was quantified and plotted as function of nucleosome type and LigIII␣-XRCC1 concentration. For ease of comparison, the same data were plotted in the histograms in C. The somewhat lower affinity of LigIII␣-XRCC1 for nucleosomes with undamaged DNA reached statistical significance only when enzyme concentrations were reduced to 5 nM. Error bars represent standard deviations; * ϭ p Ͻ 0.05. overall ligation efficiency was substantially lower than for 5S rDNA-containing nucleosomes. To eliminate possible variation in ligation efficiency because of differences in sequence context, Fig. 7B presents the same ligation efficiency data but expressed as a fraction of the ligation efficiency measured for their respective DNA controls. It is possible that the ϳ3-fold difference in ligation extent was due to the short segment of linker DNA in the (159-bp) 5S rDNA nucleosome. However, as reported in Fig. 7C , addition of linker DNA to 601 DNA nucleosomes had little or no impact on ternary complex formation or ligation efficiency.
XRCC1 Promotes Ligation of Nicks by LigIII␣-XRCC1
not only serves as a scaffold for the binding of downstream BER enzymes but also binds preferentially to DNA nicks and single base gaps, with reported K D values of ϳ65 nM and ϳ34 nM, respectively (40) . Reported K D values for the binding of ligase III to a ligatable nick, at physiological salt concentrations, range between 5 and 200 nM, depending on assay methods (33, 41) . The relatively robust activity that we observed in reactions containing 5-15 nM LigIII␣-XRCC1 is consistent with a K D value at the lower end of this range, but it is also possible that the overall DNA binding affinity for LigIII␣-XRCC1 exceeds that of either protein alone, as appears to be the case for pol ␤-XRCC1 complexes (42) . To determine whether XRCC1 facilitates the discovery of DNA nicks in nucleosomes, we first compared the activity of recombinant human LigIII␣ (from Escherichia coli) with that of recombinant human LigIII␣-XRCC1 (from Sf9 insect cells). Fig. 8 , A and B, shows significantly less ligation in the absence of XRCC1. However, the addition of E. coli-expressed XRCC1 failed to restore normal levels of ligation (data not shown). This result could have been due to the absence of posttranslational modifications that potentially stabilize interactions between LigIII␣ and XRCC1. A further concern was whether any comparison involving LigIII␣ alone is biologically meaningful. LigIII␣ lacks a nuclear localization sequence, and, in cells, its import into nuclei depends on its association with XRCC1 or other proteins (reviewed in Ref. 43) .
To circumvent the limitations associated with the above-described comparisons, we took advantage of the fact that LigIII␣ interacts not only with XRCC1 but also with the DNA nickassociated repair factor topoisomerase I-associated tyrosine phosphatase (TDP1). The fact that TDP1 and XRCC1 interact with different regions in LigIII␣ enabled us to compare the nick-sealing activities of LigIII␣-TDP1 with that of LigIII␣-TDP1-XRCC1. To ensure the presence of posttranslational modifications, both complexes were expressed in and purified from Sf9 cells. Fig. 8C shows that LigIII␣-TDP1 was less active on nicks in naked DNA and only marginally active on nicks in nucleosomes. In contrast, the LigIII␣-TDP1-XRCC1 complex exhibited a level of activity on nicks in both nucleosomal and naked DNA substrates closer to that seen with LigIII␣-XRCC1. To ensure that differences in the activity of the different enzyme complexes on nucleosome substrates could be attributed to the presence or absence of XRCC1, the data from Fig.  8C were normalized against the naked DNA results and replotted in Fig. 8D . These results suggest that XRCC1 promotes DNA ligation. Fig. 8E shows that XRCC1 alone did not detectably interact with either naked DNA or the nucleosome in a gel mobility shift assay. Thus, XRCC1 appears to facilitate the nick discovery step only when complexed with LigIII␣.
Discussion
Prior to this study, we had reconstituted the entire four-step BER reaction with nucleosomes containing oxidized bases and determined that the first three steps in BER can occur without irreversibly disrupting or shifting the position of the host nucleosome. Instead, each BER enzyme in turn formed a ternary complex with the host nucleosome (17) . The results in this study indicate that the same is true for LigIII␣-XRCC1, which catalyzes the fourth and final step in short-patch BER. A key difference, however, is that enzymes that act early in BER can bind directly to substrates that are optimally oriented with respect to the underlying histone octamer. Binding to substrates at sterically occluded sites appears to occur only when substrates are exposed by spontaneous, transient partial unwrapping of DNA from the histone octamer regardless of nick orientation. This makes structural sense in that LigIII␣ is the only short-patch BER enzyme that fully encircles DNA in its active configuration.
LigIII␣-XRCC1 proved less efficient at ligating nicks in 601 than in 5S rDNA nucleosomes. The octamer structure within 601 nucleosomes is virtually identical to that in other nucleosomes (44) . The reduced ligation efficiency might instead reflect the unusual curvature or rigidity of 601 DNA. This could manifest itself at the level of lower, spontaneous nucleosome unwrapping rates (19) or in the ease with which DNA untwists to accompany the folding of ligase III␣ into its active configuration. It is also possible that substrates ligated in the 5S rDNA nucleosomes were disproportionately associated with translational variants in which the nick was within the nucleosome but still relatively close (ϳ17 bp) to the nucleosome edge, where unwrapping events are most frequent.
We reported previously that LigIII␣-XRCC1 enhanced the gap-filling activity of DNA pol ␤ in nucleosomes (17) , and we show here that XRCC1 enhances ligation of nicks in nucleosomes (Fig. 8) . DNA pol ␤ interacts with an N-terminal segment of XRCC1, whereas LigIII␣ interacts with a BRCT (BRCA1 C terminus) domain in the C-terminal region of XRCC1 in the C-terminal region of XRCC1. Thus, it is possible that, during BER, XRCC1 first facilitates gap discovery and binding of pol ␤ and subsequently facilitates nick discovery and binding of LigIII␣. This mechanism is consistent with the likely role of XRCC1 as a scaffold. In the context of BER in nucleosomes, this mechanism would mean that LigIII␣ binding would not depend on an independent, de novo DNA unwrapping event. There is some uncertainty as to when the pol ␤-XRCC1-LigIII␣ complex is recruited during BER in vivo and whether the complex includes BER factors that act at earlier steps in repair (e.g. Ref. 45) . In situ localization studies show rapid, poly-(ADP-ribose) polymerase 1 (PARP1)-dependent recruitment of XRCC1 to sites of single-strand DNA break repair but delayed, PARP1-independent recruitment of XRCC1 to sites of BER (46) . This observation suggests that pol ␤-XRCC1-LigIII␣ may be recruited after the initial discovery and excision of oxidized bases. As with the DNA ligases, RNA polymerase II encircles DNA, and its transit through a nucleosome requires that it (or DNA) rotate relative to the histone octamer, thus disrupting DNAhistone contacts along the way (47) . This transit, which likely requires ATP-dependent chromatin remodelers (48), does not invariably alter the translational position of the nucleosome but appears to entail loss of a single H2A/H2B dimer from the host nucleosome (49) . Based on our gel mobility shift assay, ligation at the nick positions tested did not result in histone loss. However, it is possible that the integrity of the octamer (and the capacity of the host nucleosome to refold following ligation) varies with the site of nick repair.
Summary and Perspectives-We have shown that dynamic properties intrinsic to nucleosomes facilitate the ligation of nicked DNA ligation by human LigIII␣-XRCC1, and help explain the survival of host nucleosomes. That the final ligation step of BER by ligase III␣ can occur on nucleosomes raises interesting parallels with the replicative ligase, DNA ligase I, which also is able to seal nicks in nucleosomes in vitro (23) . The packaging of newly replicated DNA into nucleosomes is coordinated with movement of the replication fork through physical interactions between replication machinery and nucleosome assembly factors (Ref. 50 and reviewed in Ref. 51 ). Thus, the ligase I-mediated sealing of DNA nicks during the processing of Okazaki fragments may occur during or after DNA has been incorporated into nucleosomes (52, 53) . That both ligases I and III␣ can act on nucleosome substrates is consistent with reports that ligase I can complete BER in the absence of ligase III (54, 
55) and that ligase III can function as a replicative ligase (56).
Replication-coupled nucleosome assembly requires specific histone secondary modifications and histone chaperones that might be present during the replicative process and assist with ligation of Okazaki fragments. It is possible as well that chromatin-remodeling agents associated with newly replicated chromatin promote or amplify the unwrapping events that enable ligase I to load onto nucleosomal DNA. These many considerations suggest that we are far from being able to account for how BER occurs in chromatin in vivo. Further progress will require investigating the possible contributions to BER of histone modifiers, histone chaperones, and chromatinremodeling agents as well as the posttranslational modifications that regulate BER enzymes.
Experimental Procedures
Preparation of DNA Substrates-We assembled undamaged nucleosomes and DNA nick-or gap-containing nucleosomes with either the synthetic 601 nucleosome positioning sequence (57) or the Lytechinus variegatus 5S rDNA (5S) nucleosome positioning sequence (58) . 601 DNA adopts a single helical orientation and translational position with respect to the underlying histone octamer, allowing us to predict the location and orientation of each base in the sequence. 5S rDNA also adopts a single helical orientation but, depending on reconstitution conditions, may adopt one or a few translational positions separated by ϳ10-bp intervals (16, 59, 60) . To prepare DNA for these nucleosomes, we annealed equimolar amounts of a topstrand DNA oligomer containing sequences 3Ј to the desired nick or gap to a full-length (147-to 183-nt) bottom strand oligomer. (All oligomers were purchased from Integrated DNA Technologies.) The top strand oligomer contained a 5Ј-phosphate moiety to permit ligation and was lightly end-labeled with [␥-32 P]ATP (PerkinElmer Life Sciences) and polynucleotide kinase (New England Biolabs) to help track DNA through subsequent steps. The resulting duplex was mixed with the thermostable DeepVent exopolymerase (New England Biolabs) and extended in a linear PCR amplification reaction (30 cycles ϫ 30 s at 95°C, 30 s at 46°C, and 30 s at 68°C). To verify quantitative extension, reaction products were examined by denaturing PAGE and then annealed to a [␥-
32 P]ATP end-labeled oligomer containing sequences 5Ј to the desired nick or gap. We were able to use this second 32 P-labeled oligomer to monitor ligation because it migrated differently from the first on gels and was labeled to a higher specific activity. To assemble undamaged DNA substrates, we omitted the 3Ј oligomer annealing and extension step and instead annealed and extended the 5Ј oligomer.
Nucleosome Reconstitutions-The 32 P-labeled DNAs were combined with an 80-fold molar excess of unlabeled carrier DNA purified from chicken chromatin that had been digested with micrococcal nuclease to mono-, di-, and trinucleosome lengths as described in Ref. 16 . This nuclease cleaves 3Ј of the phosphodiester backbone in DNA, producing DNA fragments with 5Ј-hydroxyl and 3Ј-phosphate groups. Hence, this DNA did not interfere with our ligation assays (Fig. 2C) . To this DNA mixture, we added a slight molar excess of histone octamer in 25 mM HEPES (pH 8.0), 1 mM EDTA, 1 mM dithiothreitol, and 2 M sodium chloride (reconstituted from E. coli-expressed recombinant human or Xenopus histones and purified as described in Ref. 61, 62) . Samples were then slowly dialyzed, in a stepwise fashion, into the same buffer lacking sodium chloride, beginning at 37°C for the first step and ending with an overnight dialysis at 4°C (note that nucleosomes are stable in low salt whereas the histone octamer is not). Reconstitution efficiencies were assessed using 5% native PAGE in 1 ⁄ 2 ϫ Tris borate-EDTA (gel shift assay, or EMSA gels) and were virtually 100% for the 601 nucleosomes and typically Ͼ90% for 5S rDNA nucleosomes. The end-labeled nucleosomes were adjusted to 2.5 nM (ϳ200 nM total nucleosome concentration) for storage at 4°C and diluted to 1 nM (80 nM total nucleosome concentration) just prior to use in ligation assays. This is well above the concentration where one can see dilution-driven nucleosome dissociation (32) .
Ligation Assays-Human DNA LigIII␣-XRCC1, LigIII␣-TDP1, and LigIII␣-TDP1-XRCC1 were expressed in and purified from baculovirus-infected Sf9 insect cells. E. coli-expressed human LigIII␣ was from Enzymax, LLC, and E. coli-expressed XRCC1 was a gift from Michael Weinfeld. Unless otherwise noted, ligation reactions contained 1 nM of 32 P end-labeled nucleosomes or naked DNA lacking or containing a single DNA nick or gap and ϳ80 nM unlabeled nucleosomes or naked DNA in our standard assay buffer (25 mM HEPES (pH 8.0), 100 mM sodium chloride, 5 mM magnesium chloride, 1 mM dithiothreitol, 1 mM ATP, and 0.1 mg/ml bovine serum albumin) in a final volume of 5-10 l. Reaction mixtures were incubated at 37°C with the indicated enzyme(s) at the concentrations and times specified in the text or figure legends. To monitor ligation, reactions were quenched by adding 1 ⁄ 4 volume of 0.5% sodium dodecyl sulfate, 50 mM EDTA, and 0.5 mg/ml of freshly added proteinase K. Samples were incubated for 30 min at 37°C, mixed with an equal volume of formamide containing 20 mM EDTA and 2 mg/ml each of bromphenol blue and xylene cyanol, and fractionated on 8% denaturing gels. Gels were dried and exposed to phosphorimaging screens (Bio-Rad), and bands of interest were quantified using a PharosFX Plus PhosphorImager with Quantity One software (Bio-Rad). We calculated ligation as a percentage of the total DNA substrate after adjusting for background (using the global subtraction method). The impact of small amounts of contaminating naked DNA in the nucleosome reactions was computationally eliminated as described in Ref. 16 .
Restriction Enzyme Assays for Nucleosome Integrity-To assess the fate of nucleosomes during ligation, we monitored the availability of restriction endonuclease sites in 5S rDNA that are normally inaccessible (16, 18) . We added 25 units of AgeI (New England Biolabs) to 5-l reaction mixtures containing 0 -15 nM LigIII␣-XRCC1, 1 nM Ϫ46 nicked DNA or nucleosomes, and 80 nM unlabeled naked DNA or nucleosomes. After 45 min at 37°C, we measured the extent of ligation by quenching a portion of each reaction and processing samples as described above. To measure the extent of AgeI cleavage in the presence or absence of LigIII␣-XRCC1, we added to a second portion of each reaction an equal volume of 100 mM Tris base, 25 mM EDTA, 0.2% sodium dodecyl sulfate, 2 mg/ml bromphenol blue, and 12% glycerol and fractionated samples through native 8% gels. We monitored access to a PsiI site closer to the DNA nick in an identical manner using 15 nM LigIII␣-XRCC1 and 2.5 units of PsiI.
Ternary Complex Analyses-To visualize the impact of adding LigIII␣-XRCC1 to intact or nick-or gap-containing nucleosomes, portions of the above-described reactions were mixed with equal volumes of 10% glycerol, 25 nM HEPES (pH 8.0), and 20 mM EDTA, immediately fractionated through 5% EMSA gels, and visualized as before. To determine whether DNA ligation occurs within the ternary complex that LigIII␣-XRCC1 forms with nick-containing nucleosomes, ternary complexes were separated from nucleosomes using EMSA gels. Gel lanes were then excised and incubated first in 0.1% sodium dodecyl sulfate, 10 mM EDTA (pH 8.0), and 0.1 mg/ml proteinase K for 30 min at 50°C to degrade protein and then in 0.1 M sodium hydroxide, 5% glycerol, and 0.0125% each of bromphenol blue and xylene cyanol for 10 min to denature DNA. DNA associated with individual particles was then fractionated through an 8% sequencing gel.
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